Quick-hardening railway track was developed to rapidly convert old-style ballast track to slab track in order to improve its maintainability and ride comfort. On bridges, quick-hardening track is applied in a segmented structure to reduce the temperature constraint, and anchors at the centers of the segments securely couple the track to the bridge. In this study, an anchor system is proposed that facilitates fast construction, and two designs for the proposed anchor systems are provided along with experimental test results of the same. Two anchor system designs were developed to allow for the maximum possible longitudinal and transverse loads in high-speed railways while considering the frictional resistance between the track slab and bridge deck. e biaxial shear capacity of each design was investigated experimentally, and the structural capacity for biaxial shear loads was evaluated using an elliptical curve to represent the longitudinal and transverse shear capacities. e minimum friction coefficient was determined based on the results of the evaluation to minimize damage to the anchor. e results obtained from the experiments confirmed that the proposed anchor systems possess sufficient shear capacity for application on high-speed railway bridges.
Introduction
In ballast tracks, the operation of trains causes the movement, rearrangement, abrasion, and penetration of ballast particles, which results in continuous plastic deformation of the ballast layer and gradually leads to railway warping (i.e., track irregularity). To ensure safe train operation, it is imperative that the track geometry be maintained, which therefore requires the ballast layer to be continuously maintained. However, even with periodic maintenance, the lifetime of ballast tracks is expected to be no longer than about 30 years [1] . In the time since high-speed trains operating at 300 km/h were introduced, the incidence of ballast track irregularities has increased, which has increased the maintenance costs accordingly.
In contrast to a ballast track, a slab track does not exhibit track irregularities because it is highly stable and requires little maintenance. However, replacing an existing ballast track with a slab track is a time-intensive process requiring many working days during which the track cannot be used.
us, to continue operating while the track is replaced, railways must build a bypass loop around the current railway line. To reduce the cost and complexity of installing a slab track, a quick-hardening track technique based on quickhardening mortar has been developed that drastically shortens the track replacement period [2] [3] [4] [5] . As illustrated in Figure 1 , the quick-hardening track technique constructs a slab track by collecting and cleaning existing ballast gravel from old ballast tracks and then recasts and hardens them with quick-hardening mortar. As this technique requires only three or four hours to complete, it is suitable for nighttime application when no trains are running and, most importantly, it does not require the current railway line to be shut down during the replacement process. Recently, the behavior of quick-hardening track on an earthwork section was analyzed by considering the thermal stress [2] , quick-hardening in ll materials for quick-hardening track were developed [3] , and a quick-hardening track was installed in a 52 m length of a current railway line to verify the performance of the method [4] . e deformation characteristics of discontinuous sections of quick-hardening track were also examined as part of a fullscale test [5] .
When a quick-hardening track is installed on bridges that occupy many sections of a high-speed railway line, the quick-hardening concrete must be rmly connected to, and structurally uni ed with, each bridge. To unify existing bridge decks with the quick-hardening track, the track must be secured with an anchor system capable of resisting the shear forces caused by the traction, braking, and driving operations of trains. Quick-hardening tracks on railway bridges are constructed with discontinuous segments (usually every 5 m) in order to compensate for the thermal expansion and contraction of the bridge. An anchor is installed at the center of each segment to minimize the thermal restraint force on the segment. Choi et al. [6] proposed a quick-hardening track system for bridges and analyzed the interaction between the system and a bridge. Although the anchor is the primary component that transfers the load to the bridge, the friction between a track slab with a wide surface area and the bridge deck must also be considered. Cho et al. [7] analyzed the behavior of the quick-hardening track on a bridge by considering the frictional characteristics between the track and the bridge.
In this study, two designs for the anchor system were proposed while considering the frictional characteristics between the track and bridge, and were experimentally veri ed to con rm the shear capacity. Trains running on tracks over a bridge generate loads in the transverse and longitudinal directions, respectively, both of which are considered in the anchor design. e longitudinal direction is the driving direction on a bridge, and the transverse direction is perpendicular to the bridge. Longitudinal loads are caused by the traction/braking actions of a train, vertically sloped track, and the expansion and contraction of continuous welded rail on a track. Transverse loads include the nosing force of a moving train, the centrifugal load generated by a train on a curved track, the wind load originating from lateral wind forces and applied to the side of a moving train, and the expansion-and-contraction loads caused by the expansion and contraction of a curved rail.
In this study, a friction test was conducted to identify the frictional coe cient between the quick-hardening track and bridge deck. With the design of the anchor system, loading tests were conducted in both the longitudinal and transverse directions to evaluate the corresponding shear load capacity. In reality, since such longitudinal and transverse loads are applied simultaneously, the anchor system connecting the quick-hardening track to a bridge is subjected to simultaneous longitudinal and transverse loads. In this regard, the structural capacity of the anchor systems, which were designed and separately tested for each direction, were also evaluated in terms of their biaxial shear capacity (i.e., both directions simultaneously) based on elliptical performance curves.
Anchor Design for Quick-Hardening
Track on a Railway Bridge 2.1. Anchor System. To unify an existing bridge deck with a quick-hardening track during installation, it was decided to place the anchor brackets at the side of the track. Stud shear connectors were welded on the side of the anchor brackets to unify the brackets and the quick-hardening track. When construction of the track is complete, the brackets are uni ed with the bridge deck by postinstalling anchors through the bottom plate of the bracket into the bridge deck. Ultimately, the anchor system uni es the track with the bridge deck by way of the brackets, stud shear connectors, and postinstalled anchors. e construction procedure for quick-hardening track on a railway bridge is illustrated in Figure 2 . (a) e existing ballast track on the bridge is removed and anchor brackets are placed at the center of each quick-hardening track segment. (b) e surface of the bridge deck is covered with geotextile before a mold is constructed. e ballast that was removed from the existing track is then cleaned and poured into the mold. (c) Sleepers and rails are installed. (d) Additional ballast is laid. (e) Quick-hardening mortar is poured onto the ballast layer and quickly cured. (f ) After curing is complete, anchor holes are drilled on the bridge deck through the holes of the anchor bracket, and then postinstalled anchors are installed.
Design Loads.
When designing the anchor system, it is important to evaluate the design loads that can be applied to the anchor system in a single segment of quick-hardening track, and such design loads should consider both the longitudinal and transverse directions of the bridge. e maximum longitudinal loads are caused by a combination of the traction/braking load, the track slope load, which depends on the slope of the track slab when the driving direction of track has a vertical slope, and the load generated by the thermal expansion and contraction of the continuous welded rail. In this study, 33.0 kN/m was applied as the traction load, which resulted in 165 kN of load for a single segment with a longitudinal length of 5 m. For the train load defined in KRL-2012 [8] , which defines the Korean standard design load, an axle load of 220 kN and a distributed load of 80 kN/m were considered simultaneously. e track slope load was calculated to be 25.57 kN by reflecting the train load and self-weight of a single segment with the maximum slope of 2.5%. e expansion-and-contraction load of the continuous welded rail was calculated to be 50 kN for a single segment, which is obtained from the 10 kN/m specified in the Korea Design Standard [8] . As presented in Table 1 , the ultimate longitudinal load (P l ) was calculated to be 342.02 kN with the load and combination factors specified in the design standard [9] .
To calculate the maximum possible transverse load that can be applied to an anchor system, it is necessary to consider the nosing force of the train, the centrifugal force, which depends on the radius of curvature and the train velocity in the curved section, the wind load, and the thermal load of the rail. Based on the design standard, a nosing force of 25 kN/m was assumed to be applied throughout a longitudinal length of 4 m. us, the nosing force was calculated to be 100 kN. e centrifugal force was calculated for the axle and distributed loads of the train, respectively, by considering a high-speed railway bridge with a train velocity of 300 km/h, a bridge span length of 40 m, and a radius of curvature of 3500 m. A wind force of 1.50 kN/m 2 was considered to be horizontally applied to the side of the train (5 × 4.1 m). Finally, a rail load was applied in the transverse direction to account for the thermal expansion and contraction of the rail in a curved section. In this study, the rail load was calculated as the load applied to a single segment with a radius of curvature of 3500 m. According to the Korea Design Standard [8, 9] , the total transverse load (P t ) was calculated to be 281.98 kN, as presented in Table 2 .
A quick-hardening track segment is subjected to the maximum design load when the longitudinal and transverse design loads are applied simultaneously. Accordingly, the maximum possible design load on a quick-hardening track segment can be calculated by combining the longitudinal and transverse design loads (shown in the tables) as follows: 
When calculating the design loads applied to the anchor system, if the frictional resistance between the bridge deck and the quick-hardening segment is neglected, this may result in a conservative design in which the anchors are made to resist all the loads acting on the segment. However, as the segments contact the bridge deck over a large area, the frictional resistance is considerable, which means that the actual load on the anchors of the quick-hardening segment can be signi cantly reduced [7] . is study considered the frictional resistance when evaluating the design load on the anchors of the quick-hardening segment in order to produce a more reasonable design. e actual design load on the anchors, which acknowledges the contribution of friction, can be calculated as follows:
where μ is the friction coe cient between the track and the bridge deck and M is the weight of the track segment. Figure 3 shows a plot of the design load on the anchor versus the friction coe cient. Based on the dimensions of the track segment, which are 5 m in the longitudinal direction of the bridge, 2.8 m wide, and 0.5 m thick, the corresponding weight of the segment is 174.37 kN. As shown in Figure 3 , the design load on the anchor decreases as the friction coe cient increases. In particular, when the friction coe cient is 0.43 or above, the design load on the quickhardening track is completely cancelled by the friction between the bridge deck and track, at which point the anchor system becomes unnecessary. e previous study [10] showed that when a low-frictional sliding layer consisting of a geotextile and PE sheet layer was installed between the concrete deck of the bridge and the track, the friction coe cient was about 0.3. As there was only the geotextile between the concrete deck and the quick-hardening track, the actual friction coe cient was expected to be higher than 0.3. In this study, the specimens were designed by conservatively assuming that the friction coe cient was 0.30, and the corresponding design load on the anchor system was calculated to be 136.36 kN.
Materials.
When designing the anchor system for the quick-hardening track segments on bridges, this study considered concrete with a nominal compressive strength of 24 MPa for the bridge deck. In addition, based on Lee and Pyo [4] , quick-hardening concrete was assumed to have a 7-day compressive strength of 28 MPa. When considering the size of the quick-hardening track segments, the headed stud employed to unify the track and anchor brackets was assumed to have a tensile strength of 400 MPa or higher, a shank diameter of 19 mm, and a length (including the head) of 300 mm. e anchor brackets were fabricated from SM490 steel, which is widely used for structural members.
e anchor bolts for the postinstalled anchor were HIT-Z M20 provided by HILTI. Figures 4 and 5 provide illustrations of the headed stud, postinstalled anchor bolt, and anchor ller.
Details of the Quick-Hardening Anchor Design.
e stud shear connector joining the quick-hardening track and anchor bracket was speci cally designed for this application. After the optimum number of studs was determined, the stud arrangement was nalized and the anchor bracket and postinstalled anchor were designed.
e guidelines in AASHTO LRFD [11] and Eurocode-4 [12] were employed to determine the optimum number of headed studs to be used. Table 3 presents the design provisions for the shear strength of the headed stud in normal strength concrete as per the two referenced design codes. Based on the models, the design shear capacities for a single stud were calculated to be 96.4 kN and 68.4 kN from AASHTO LRFD [11] and Eurocode-4 [12] , respectively. It was determined that two studs were sufficient to ensure the track system could support the anchor design load of 136.46 kN, which corresponds to a friction coefficient of 0.3. e design strength of each stud and the required number of studs, which were calculated based on AASHTO LRFD [11] and Eurocode-4 [12] , were determined based on the structural behavior of studs embedded in normal concrete; however, this behavior may be different from that of studs embedded in the quick-hardening track. In comparison to normal concrete in which the coarse aggregate has a maximum size of less than 25 mm, the maximum size of the coarse aggregate in quickhardening concrete is larger than 40 mm, which negatively affects the structural behavior of the studs. In this regard, when considering the arrangement of studs on the anchor bracket side, it was determined to weld four studs to each anchor bracket side, which is double the number of studs required as per the design codes.
Postinstalled anchors were used to connect the bridge and anchor brackets. Two types of postinstalled anchors were identified that were suitable for use when the variability of the friction coefficient between the bridge deck and quickhardening track was considered. As shown in Figure 6 , for a friction coefficient of 0.3, Design A employed three postinstalled anchors set 220 mm apart in the longitudinal direction of the bridge. In contrast, Design B specified six postinstalled anchors set 260 mm apart in the longitudinal direction and 240 mm apart in the transverse direction to accommodate cases where the friction coefficient was relatively small. e loading capacities of the postinstalled anchor systems were analyzed relative to the applied shear force along the anchor system and the concrete pryout around the bolts.
is analysis was conducted with the HILTI PROFIS Anchor software package [13] using the design criteria provided in EOTA TR 029 [14] . As shown in Table 4 , the loading capacity of each postinstalled anchor system exceeded the anchor design load in both designs.
Experimental Program for the Anchors of
Quick-Hardening Track e loads that act on the anchors of a quick-hardening track segment on a bridge are inversely affected by the friction coefficient between the bridge deck and the quick-hardening concrete. In other words, as the friction coefficient increases, the actual load on the anchors decreases. us, evaluating the friction coefficient requires an analysis of the frictional behavior between the bridge deck and quick-hardening concrete.
When the maximum design load is actually applied to the anchor of a quick-hardening track segment on a bridge, the load is the combination of the longitudinal and transverse loads; however, this combination is difficult to represent in a structural test. Hence, in this study, the loads in the longitudinal and transverse directions of the bridge were evaluated separately. In other words, an experiment to evaluate the structural behavior was conducted for each direction, and the test results were used to evaluate the safety of the anchor versus the design loads placed on the anchor by the quick-hardening track. With this in mind, three tests were conducted: the first was a friction test to analyze the frictional behavior between the bridge deck and the quick-hardening track, and the second and third were structural tests to identify the longitudinal and transverse structural behaviors, respectively. For purposes of efficiency, the specimen involving the Design A anchors were used for both the friction and transverse structural tests. After the friction test was completed, a postinstalled anchor was installed and then the transverse structural test was conducted. In addition, to ensure the reliability of the test results for larger loads, two specimens for each loading direction were fabricated as per Design B. Table 5 presents the test variables and main characteristics of the specimens involved in the longitudinal and transverse structural tests.
Details of Specimens.
e frictional behavior of a quickhardening track on a bridge can be experimentally measured by fabricating adequately sized specimens. Note that the transverse structural test should consider the situation wherein anchors are installed on only one side of the quickhardening track when the load is applied to the opposite side. In the friction and structural tests for Specimen AT in which Design A was adopted, as shown in Figure 7(a) , the quick-hardening track was chosen to be 1.0 × 1.0 m in size and anchors were installed on the opposite side to that where the loads were applied. As shown in the figure, the bridge deck was chosen to be 2.5 (longitudinal) × 2.0 m (transverse) in size. In the transverse structural test for Specimen BT in which Design B was adopted, a real-scale quick-hardening track specimen with a width of 2.8 m in the transverse direction of the bridge was fabricated.
When fabricating the specimens for the longitudinal structural test, anchors were installed on both sides of the quick-hardening track. In this case, real-scale quickhardening track segments were fabricated with a transverse width of 2.8 m and a longitudinal length of 1.0 m, while considering the arrangement of the headed studs. In addition, a bridge deck was simulated by fabricating the deck of a specimen with a transverse width of 4.5 m. Figure 7 (b) depicts Specimen AL, which employed the Design A anchor system. Specimen BL, which adopted the Design B anchor system, had the same details as Specimen AL, except that the anchor system was different. Figure 7 (a), linear variable displacement 
Instrumentation. In the transverse structural behavioral test shown in
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transducers (LVDTs) were placed on each side of the quickhardening track segment to measure the relative slip of the track from the deck. In addition, the slip of the anchor bracket was measured by placing one LVDT on each side of the anchor bracket. LDVTs were also installed on the deck to observe whether the deck exhibited unexpected slip during the test. In the longitudinal structural behavioral test shown in Figure 7 (b), the relative slip of the quick-hardening track from the deck was measured through one LVDT at the center of the track. In addition, the slip of the anchor brackets and the deck was measured via LVDTs in the same way as in the transverse structural test.
Material Properties.
When the decks were fabricated, three ϕ100 × 200 mm cylindrical specimens were tested to determine their compressive strength. e concrete compressive strength of the decks was measured to be 28.2 MPa and 28.3 MPa for Designs A and B, respectively. As the coarse aggregate of the quick-hardening concrete was around 40 mm in size, ϕ150 × 300 mm cylindrical specimens were fabricated to measure the compressive strength when the quick-hardening track was rst placed, and compression tests were conducted to assess the strength after various ages (days) had elapsed. e results of these tests are presented in Figure 8 . As is clear from the gure, unlike normal concrete, the initial strength developed quite early. In the structural tests, the age of the quick-hardening concrete for the specimen conforming to Design A was 9-10 days, while that of the specimen conforming to Design B specimen was 28-30 days.
Test Procedure.
A load was applied to the quickhardening track at 1.0 mm/min when investigating the frictional and structural behaviors of the track. A wide steel plate or loading frame was placed between the hydraulic actuator and the quick-hardening track to ensure the load was uniformly distributed on the track. Since the rst frictional test was expected to involve the in uence of surface adhesion between the quick-hardening concrete and the deck, the frictional behavior test was conducted three times. In the longitudinal and transverse loading tests, a horizontal load was applied to the quick-hardening track until the maximum loading capacity was developed. Figure 9 shows the test setup used to evaluate the longitudinal and transverse behaviors for Specimens AL and AT, which conformed to Design A.
Test Results and Analysis for the Anchor of
Quick-Hardening Track Figure 10 shows the frictional force-slip behavior measured in the friction test. As shown in this gure, the frictional resistance was measured to be around 8.5-9.0 kN in every round of the test. However, in the rst friction test, the slip was measured to be 0.5 mm or higher when the static friction force had to be overcome and converted to kinetic friction, which was larger than the slip of 0.1 mm measured in the second and third friction tests. is was thought to be a result of the surface adhesion between the quick-hardening concrete and the deck a ecting the initial behavior in the rst friction test. In reality, this initial adhesion will be quickly eliminated by the thermal expansion and contraction of the bridge and train operation after the track is placed. erefore, the results of the second and third friction tests were used to evaluate the frictional behavior and friction coe cient in the quick-hardening track design. e friction coe cient between the deck and the quickhardening track can be calculated by dividing the measurement of the frictional force by the weight of the track (12.5 kN) . From the test results, the average kinetic friction coe cients were calculated to be 0.684, 0.703, and 0.691 in the rst, second, and third tests, respectively. Based on these, the friction coe cient was assumed to be 0.7 between the bridge deck and track when determining the load acting on the anchor system and evaluating the structural capacity of the design. However, it should be noted that water between the bridge deck and the quick-hardening track may be frozen in winter, which may decrease the friction coe cient to below the test results for dry geotextile. In this study, the objective is to determine the minimum allowable frictional coe cient while considering the shear capacity of the anchor system.
Frictional Behavior.
Longitudinal Structural Behavior.
When the longitudinal structural behavior of the anchor systems was evaluated, the increase in the load caused cracks in the quick-hardening concrete around the anchor brackets. en, as the damage of the concrete near the welded studs increased the slip, the load decreased for a short time before increasing again due to the support of the postinstalled anchor. After that, even if the slip increased, the load only increased slightly and the postinstalled anchor bolts were evidently damaged. Finally, an excessive slip occurred and caused the failure of the quick-hardening concrete near the studs welded to the anchor bracket, resulting in a drastic decrease in the load and forcing the termination of the test. Figure 11 shows the AL specimen after test, which is a representative failure behavior under longitudinal load. Figure 12 illustrates the load-anchor bracket slip response measured during the longitudinal structural test. As shown in the gure, the longitudinal behavior can be classi ed into four phases. e rst phase was dominated by the friction force between the deck and the quick-hardening concrete and occurred when the load was below the maximum frictional resistance. e second phase was dominated by the behavior of the studs welded to the anchor bracket and embedded in the quick-hardening concrete. e third phase involved an additional increase in the load due to the resistance of the postinstalled anchor bolts. e fourth phase exhibited plastic behavior. e rst phase showed little slip in the quick-hardening concrete. en, as the load increased, the studs provided resistance, which corresponds to the second phase. In particular, among the specimens incorporating Design B, Specimen BL-2 showed a temporary decrease in the load because of damage in the form of large cracks in the quick-hardening concrete near the studs at the end of the second phase. In the third and fourth phases, the resistance of the postinstalled anchor resulted in the maximum loading capacity.
In Figure 12 , the maximum longitudinal loading capacity of the anchor systems was calculated by subtracting the friction force between the quick-hardening track and the deck from the maximum load measured during the test. If the weight of the quick-hardening track specimen is 34.8 kN and the friction coe cient is 0.7, the friction force becomes 24.4 kN. erefore, the maximum longitudinal loading capacities of the anchor systems were calculated to be 433.5 kN for Design A and 766.0 kN for Design B.
Generally, when the shear resistance is calculated, which is commonly attributed to the dowel behavior of the rebar cast into the concrete member, the kinking e ect is excluded and the behaviors up to the second phase are considered due to the bearing e ect of the concrete supporting the dowel rebar [15] [16] [17] . In addition, the Korea Railway Network Authority speci es a limit of 2 mm on the maximum permissible horizontal displacement of a trainsupporting structure [18] . If the above two considerations are considered for safety reasons when designing the anchor systems of the quick-hardening track, it seems reasonable to consider a 2 mm slip of the anchor bracket as part of the second phase behavior in the design. When the anchor bracket has a slip of 2 mm, the design loading capacities of the anchor systems were calculated to be 352.5 kN (Design A) or 519.3 kN (Design B). Table 6 brie y presents the procedure employed to calculate the longitudinal loading capacity of the anchor system from the test results. Figure 13 shows the specimen after the transverse behavior test. As in the longitudinal behavior test, the postinstalled anchor bolts were damaged when the maximum loading capacity was developed. However, unlike the longitudinal behavior test, no damage was observed in the quick-hardening track. Advances in Civil Engineering Figure 14 shows the load-slip response of the quickhardening concrete measured during the transverse structural test. As is clear from the figure, similar to the longitudinal behavior, the transverse behavior can also be classified into four phases. e first phase is dominated by the friction force between the deck and the quick-hardening concrete when the applied load is below the maximum frictional resistance. e second phase shows the complex behavior of the anchor bolts and the filler injected into the postinstalled anchor hole. e third phase involves an additional increase in the load due to the kinking effect of the postinstalled anchor bolt. Finally, the fourth phase exhibited plastic behavior. In the case of specimen BT-1, undesirable excessive rotation occurred due to the unintended eccentricity of the applied load, so the test was terminated earlier than that of the specimen BT-2.
Transverse Structural Behavior.
In the same way as that of the longitudinal behavior, the maximum transverse loading and design loading capacities can be calculated by removing the friction force component between the deck and the quick-hardening track from the maximum load and the load corresponding to an anchor bracket slip of 2 mm, respectively. With these modifications, Design A was found to have a design loading capacity of 124.0 kN and a maximum loading capacity of 209.3 kN, while Design B had a design loading capacity of 188.5 kN and a maximum loading capacity of 393.1 kN. Table 6 briefly presents the procedure followed when calculating the transverse loading capacity of the anchor system from the test results. Table 6 , the calculated loading capacities of the anchor system indicate the individual loading capacities of the anchor system in each direction, that is, in the longitudinal and transverse directions. However, the actual design load acting on the anchor system of the quick-hardening track is the combination of the longitudinal and transverse loads.
Evaluation of the Biaxial Shear Capacity. As presented in
erefore, when the maximum design load is applied in both directions, the actual maximum design load applied on the anchor system was found to be in a direction of about 39.5 degrees deflected from the transverse direction.
To ensure the safety of the anchor under the given design load when calculating the loading capacity of the anchor system in each of the longitudinal and transverse directions, the loading capacity should also be calculated for the load in the actual direction. For this reason, in this paper, several yield criteria from the references were considered. As presented in Figure 15 , three representative capacity curves were considered. When Rankine's yield criterion [19] is applied, the structural capacity of the anchor system may be overestimated. On the other hand, when the straight-line concept in maximum shearing stress theory [20] is adopted, the structural capacity of the anchor system may be underestimated. erefore, this study employed an elliptical capacity curve [21] when evaluating the capacity of a reinforced concrete member under biaxial shear load. Here, based on the calculations of the longitudinal and transverse loading capacities of the anchor system, which themselves are based on the test results, the biaxial shear capacity curve of the anchor system can be expressed as follows: 
where P l and P t are the longitudinal and transverse loads, respectively, acting on the anchor system, and P n,l , P n,t are the loading capacities of the anchor system in the longitudinal and transverse directions, respectively. Figure 16 compares the elliptical curve of the anchor system capacity and the design load while considering the various friction coe cients. If the design load acting on the anchor system is within the capacity curve, the anchor system is safe for the given design load. As shown in the gure, when the friction coe cient increases, the design load on the anchor system gradually decreases and thus the safety of the anchor system can be easily secured for the given loading conditions. e allowable minimum friction coe cient between the bridge deck and the quick-hardening track to ensure the structural safety of the anchor system can be calculated by comparing the loads acting on the anchor system while considering the friction coe cient and the biaxial shear capacity curve. When the biaxial shear capacity curve is used, the allowable minimum friction coe cient in the event of a 2 mm slip of the anchor bracket was 0.258 in Design A and 0.168 in Design B. On the other hand, when the maximum loading capacity of the anchor was considered, the allowable minimum friction coe cient was calculated to be 0.156 in Design A, but the anchor structure was su cient for safety irrespective of the friction coe cient in Design B. In this study, the friction coe cient between the deck and the quick-hardening concrete was measured to be about 0.7. If water in the gap between the bridge deck and the quickhardening track is frozen during winter, the friction coe cient may decrease considerably, although it does not usually decrease below 0.3. Consequently, the proposed anchor systems were found to provide su cient structural capacity versus the anticipated design loads acting on the anchor system that were considered in this study. 
Conclusions
In this study, an anchor system was proposed for the quickhardening track on railway bridges while considering the friction forces between the bridge deck and track. Specimens were fabricated that were consistent with the proposed designs and were then used in friction tests and longitudinal and transverse structural tests. Based on the test results, the structural behavior of the proposed anchor system designs were analyzed and the allowable minimum friction coe cients were calculated to ensure structural safety. e primary conclusions of this study can be summarized as follows: 
